ABSTRACT: Cystinosis is a lysosomal storage disorder characterized by abnormal accumulation of cystine, which forms crystals at high concentrations. The causative gene CTNS encodes cystinosin, the lysosomal cystine transporter. The eye is one of the first organs affected (corneal lesions and photophobia in the first and visual impairment in the second decade of life). We characterized the ocular anomalies of Ctns Ϫ/Ϫ mice to determine whether they mimic those of patients. The most dramatic cystine accumulation was seen in the iris, ciliary body, and cornea of Ctns Ϫ/Ϫ mice. Consistently, Ctns Ϫ/Ϫ mice had a low intraocular pressure (IOP) and seemed mildly photophobic. Retinal cystine levels were elevated but increased less dramatically with age. Consistently, the retina was intact and electroretinogram (ERG) profiles were normal in mice younger than 19 mo; beyond this age, retinal crystals and lesions appeared. Finally, the lens contained the lowest cystine levels and crystals were not seen. The temporospatial pattern of cystine accumulation in Ctns 
I n most cases, abnormal lysosomal storage is the consequence of defects in lysosomal hydrolases, which lead to the accumulation of nonmetabolized macromolecules. However, abnormal storage of digestion by-products can also result from defects in lysosomal transporters. The clinical manifestations of abnormal storage give rise to a heterogeneous group of multisystemic diseases termed lysosomal storage diseases (LSDs).
An accumulation of lysosomal cystine, which forms crystals at high concentrations, gives rise to the autosomal recessive disorder cystinosis (1) . Patients are generally grouped into three clinical forms based on the age at onset and severity of the symptoms. The most severe and common form, infantile cystinosis, generally appears between 6 and 12 mo with the renal Fanconi syndrome and can proceed to end-stage renal disease (ESRD) by 10 y. Corneal cystine crystals appear from the first year of life. The resulting anomalies, including photophobia, blepharospasm, and lesions, appear from 3 to 4 y (2,3) and lead to varying degrees of visual discomfort and impairment in the first or second decade (4) . After renal transplantation, continuous widespread cystine accumulation leads to multisystemic anomalies. Notably, retinal depigmentation appears by 7 y and can evolve into blindness between 13 and 40 y in 15% of cases (5) . Juvenile cystinosis appears during adolescence with photophobia and renal impairment, but not necessarily Fanconi syndrome; progression to ESRD is much slower. Finally, ocular cystinosis is characterized by corneal crystals, with or without photophobia, and absence of renal dysfunction.
Lysosomal cystine storage is due to defects in the cystine transporter cystinosin (6) , encoded by the gene CTNS (7) . A functional assay of nontruncating CTNS mutations showed that the level of cystine transport inhibition correlates with severity of symptoms (8) . Generally, transport is abolished in infantile cystinosis, whereas residual activity (9%-20%) gives rise to the juvenile and ocular forms.
Mixed background Ctns knockout (Ctns Ϫ/Ϫ ) mice were generated and partially characterized (9) . Despite high renal cystine levels, Ctns Ϫ/Ϫ mice showed no evidence of renal dysfunction or failure. However, preliminary studies suggested the presence of ocular anomalies. In this study, we generated pure background Ctns Ϫ/Ϫ mice and characterized the ocular anomalies using a threefold approach. First, we quantified the cystine content of different tissues as a function of age. Second, we correlated these data with the histologic detection of cystine crystals. Finally, we used clinical tests to evaluate the biologic effect of cystine accumulation. Together, this work provides a temporal and spatial guide of the ocular anomalies in the Ctns Ϫ/Ϫ mice and validates these animals as a model for the ocular anomalies of cystinosis.
RESULTS
Cystine levels. We detected elevated cystine levels in the iris (and ciliary body) of Ctns Ϫ/Ϫ mice compared with controls from 1 mo (sevenfold), in the cornea (ninefold) and retina (12-fold) from 3 mo, and in the lens (fivefold) from 7 mo (Fig.  1A-D) . Among Ctns Ϫ/Ϫ tissues (Fig. 1E ), cystine levels in the cornea and iris were the highest and increased at the greatest rate. Levels increased dramatically between 5 and 7 mo and peaked at 9 mo (62-and 145-fold for the cornea and iris, respectively). At 11 mo, we observed a decrease that was significantly different from the values at 9 or 13 mo for the iris (p Ͻ 0.05) but not for the cornea (p Ͼ 0.05). The corneal values remained stable beyond 13 mo (58-fold over wild type).
We observed a less dramatic increase in retinal levels with age: 60-fold over wild type at 9 mo. We also detected a decrease at 11 mo, which was significantly different from that at 9 mo (p Ͻ 0.05). Finally, the lens contained the lowest increase in cystine levels: sixfold over wild type at 9 mo, reaching 27-fold at 23 mo.
Cystine crystals and histologic lesions. Iris. We detected rare crystals ( Fig. 2A-C ) from 1 mo that became abundant from 7 mo. Crystals were first distributed throughout the iris stroma and appeared in the pigmentary epithelium from 9 mo. The densest crystal concentration was at the iris-ciliary body junction. Their frequency decreased closer to the pupillary border. Moreover, in 19-and 22-mo-old Ctns Ϫ/Ϫ mice, we observed a fusion of the iris and cornea ( Fig. 3C and D) , consistent with the difficulties we encountered in collecting the iris during dissection.
Ciliary body. Similarly, we detected crystals in the ciliary body ( Fig. 2D-F ) from 1 mo, but these were larger and more abundant than those in the iris. Their size and number also increased with age, and they became strikingly abundant from 7 mo. Crystals were mainly located in the ciliary body stroma and appeared in the pigmented epithelium of the processes from 11 mo. We could not unambiguously find crystals in the nonpigmented epithelium. Choroid and sclera. We observed rare cystine crystals throughout the choroid (Fig. 2G-I ) at 1 mo. These became abundant from 7 mo (Fig. 3G and I) . Concomitantly, we observed that the Ctns Ϫ/Ϫ choroid was thinner and less homogeneous (Fig. 2H) than that of controls (Fig. 2G) . The choroid continued to degenerate (Fig. 3G ) and was almost nonexistent by 22 mo (Fig. 3H ). Choroidal degeneration is consistent with the mosaic appearance of the pigmented tissues observed during dissection. Crystals became visible in the sclera from 3 mo (not shown). Initially, these were seen mainly in the posterior region clustered around the capillaries; however, from 9 mo, they were scattered throughout.
Lens and retina. We did not detect crystals in the lens, regardless of age. Up to 15 mo, we could not detect crystals in the retina. Furthermore, the neural retina and the RPE retained a homogeneous structure (Fig. 2J-L) , suggesting the RPE did not contribute to the aforementioned mosaicism. Conversely, in 19-and 22-mo-old Ctns Ϫ/Ϫ mice, the RPE had degenerated (Fig. 3H , K, and L). Moreover, the photoreceptor segments and nuclei were absent and the inner nuclear layer constituted the most posterior layer of the neural retina and contained rare crystals ( Fig. 3L and M) .
Cornea. We could not detect cystine crystals in 2.5 m-thick sections of the cornea. However, we observed abundant rectangular crystals in 1 m-thick sections (Fig. 2M) , suggesting the thicker sections masked the smaller (2-3 m) crystals. Using 85 nm-thick sections ( Fig. 2N and O) , we also detected needleshaped (Յ0.3 ϫ 10 m) crystals (Fig. 2O) . In contrast to the iris and ciliary body, we did not detect corneal crystals at 1 mo. The crystals were located within the keratocytes throughout the stroma. We did not detect crystals in the epithelium, Bowman's layer (Fig. 3C ), Descemet's membrane (Fig. 3D ), or endothelium, regardless of age. Finally, in addition to anterior synechiae, we observed a vascularization of the cornea from 19 mo (Fig.  3E ).
Taken together, the appearance of crystals is consistent with the cystine levels assayed: (1) absence of crystals in the lens, consistent with low cystine levels (2 nmol half cystine/mg protein maximum); (2) rare crystals in the retina of older mice when levels reached 30 nmol half cystine/mg protein, and (3) crystals in the iris and ciliary body before 5 mo, which became abundant from 7 mo, concomitant with the increase from 30 -80 nmol half cystine/mg protein.
Clinical Examinations
Slit-lamp photography. We complemented our histologic studies with slit-lamp photography to compare the evolution of crystals in the cornea and iris. In both tissues, rare crystals were first seen at 3 mo (not shown). Crystals were evident but not abundant at 5 mo ( Fig. 4A and B) . However, from 7 ( Fig.  4C and D) to 13 mo ( Fig. 4E and F) , crystals were abundant and easily detectable. Corneal crystals were fine and needle shaped, whereas those in the iris were denser, more square shaped, and highly visible.
Taken together, although corneal crystals appeared slightly later, their evolution paralleled that of the iris, consistent with the overlapping profile of cystine levels in these tissues.
IOP measures. IOP variations can be due to obstructed flow of aqueous humor (increased) or defective production by the ciliary body (decreased). Thus, we indirectly examined the effect of ciliary body crystals on humor production by measuring IOP. We recorded an IOP of 13 mm Hg (11.4; 13) in the wild-type C57BL/6 mice, consistent with that reported (12-14 mm Hg) (14) . In contrast, the Ctns Ϫ/Ϫ mice had a lower IOP of 9 mm Hg (6.1; 9.4) (p Ͻ 0.1).
These results suggest that the crystals in the ciliary body of the Ctns Ϫ/Ϫ mice might disrupt aqueous humor production and account for the relative IOP decrease.
ERG profiles. We observed a classic ERG profile (negative "a" and positive "b" wave) for each genotype (Fig. 5A) . We did not find a significant difference in a-wave amplitude with age in Ctns ϩ/ϩ (p Ͼ 0.05) or Ctns Ϫ/Ϫ (p Ͼ 0.05) mice (Fig.  5B) . Similarly, we did not detect a difference in a-wave ampli- (Fig. 5C) . We also saw a nonsignificant decrease in Ctns Ϫ/Ϫ mice (p Ͼ 0.05). Last, we did not detect a significant difference in b-wave amplitude between the Ctns ϩ/ϩ and Ctns Ϫ/Ϫ response at any age (p Ͼ 0.05).
Taken together, these data suggest that retinal function was preserved in Յ11-mo-old Ctns Ϫ/Ϫ mice, consistent with the low retinal cystine levels and absence of crystals.
Light/dark exploration test. Both genotypes exhibited a clear preference for the dark compartment. However, the Ctns Ϫ/Ϫ mice showed an increase in the total time spent in the light compartment (Fig. 6A) , but not in the number of entries or the mean duration of each visit (Fig. 6B and C) . This 
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Ϫ/Ϫ MICE difference was due to an increased number of short-duration (Յ10 s) visits of 5.1 Ϯ 0.3 s on average (Fig. 6D) . Although a classic photophobic behavior was not detected, our results highlight a need for the Ctns Ϫ/Ϫ mice to rapidly re-enter the dark compartment more often than controls.
DISCUSSION
Cystinosis is characterized by a tissue-variable lysosomal accumulation of cystine. We report here a biochemical, histologic, and clinical analysis of the ocular anomalies in C57BL/6 Ctns Ϫ/Ϫ mice as a function of age and discuss these anomalies in comparison with those of cystinosis patients.
Iris and ciliary body. Aside from the cornea, the cystine levels in human or murine ocular tissues have not been quantified previously. The iris (and ciliary body) of Ctns Ϫ/Ϫ mice showed the highest levels and fastest rate of cystine accumulation. The dramatic increase in levels between 5 and 7 mo, and thereafter remaining stable, pinpoints the period of lysosomal overloading. The dip in levels at 11 mo, although statistically significant, is likely due to the lower cystine levels, and low variation, in the four 11-mo-old Ctns Ϫ/Ϫ mice studied rather than having a physiologic significance.
Crystals were most abundant in the stroma of the ciliary body and, later, in the pigment epithelium of the processes.
Although not highly significant, we also observed a lower IOP in Ctns Ϫ/Ϫ mice, suggesting that these crystals might interfere with aqueous humor production. We noted that the eyes of older Ctns Ϫ/Ϫ mice were smaller than those of controls, which is also consistent with a decreased IOP. Due to the continuity of the ciliary body and iris, we observed a similar temporospatial distribution of iris crystals, although they were less abundant. Furthermore, we demonstrated that the evolution of iris crystals can be followed by noninvasive slit-lamp photography. However, crystal detection from 3 mo suggests a limited sensitivity.
Similarly, in cystinosis patients, abundant crystals have been described in the ciliary body and less so in the iris (2, 3, (15) (16) (17) . In the ciliary body, crystals were reported in the stroma and in the pigmented and nonpigmented epithelium. In the iris, crystals were reported throughout the stroma and in the pigment epithelium (3, 16, 17) , and their presence was confirmed by biomicroscopic investigations (18, 19) . However, the biologic effects of cystine accumulation varied. To our knowledge, decreased IOP has not been reported in patients. In contrast crystal deposition, leading to a thickening and stiffening of the iris and consequently pupillary block, was reported to be responsible for angle-closure glaucoma (17) . Furthermore, glaucoma-independent cases of pupillary block associated with posterior synechiae were also reported (18) . The anterior synechiae that we observed in the Ctns Ϫ/Ϫ mice has not been reported in patients. Cornea. The corneal cystine level and accumulation profile of Ctns Ϫ/Ϫ mice mirrors that of the iris. Corneal levels of a 12-y-old with infantile cystinosis (12.6 nmol half cystine/mg protein) (20) and in cultured stromal cells of a 59-y-old with mild ocular cystinosis (0.98 nmol half cystine/mg protein) (21) have been reported. The infantile cystinosis levels correspond to those of a 3-mo-old Ctns Ϫ/Ϫ mouse. The location of crystals within the stromal keratocytes of Ctns Ϫ/Ϫ mice is consistent with the histologic findings of patients (3, 16, 20, (22) (23) (24) . Similarly, corneal crystals have been described as needle shaped or rectangular and smaller than iris crystals. Moreover, corneal vascularization has also been reported (2). In contrast, there are one report of endothelial (3) and one report of epithelial (2) crystals. However, the epithelial location is controversial (3, 16, 20, 23, 24) , and slit-lamp studies confirmed the stromal (18, 19, 24) and endothelial (24), but not epithelial, locations.
Although corneal crystals are pathognomic of cystinosis, in one of the youngest (5-wk-old) documented cases, crystals were not detected in the cornea but in the iris (25) . This is consistent with the presence of iris and absence of corneal crystals in 1-mo-old Ctns Ϫ/Ϫ mice and correlates with the 
160
twofold lower corneal cystine levels at this age. Thus, in both patients and Ctns Ϫ/Ϫ mice, iris crystals develop first. The early appearance (3 mo) of corneal crystals in the mouse model correlates with their early appearance in cystinosis patients, in whom they play a major role in the evolving photophobia. The Ctns Ϫ/Ϫ mice did not show "classic" photophobic behavior (less time in the light box). Paradoxically, they visited the light box more often but for a shorter time than wild-type mice. Such short visits result from an emotional or physical reaction to the brightly lit environment. Because the Ctns Ϫ/Ϫ mice are not more or less anxious than controls (unpublished data), this significant increase of short-duration visits suggests a mild photophobic state.
Retina. Before 19 mo, retinal cystine levels were insufficient for the formation of detectable crystals. Furthermore, the histology of the neural retina and the RPE was normal, consistent with the lack of detectable abnormalities by funduscopic examination (not shown) or in the ERG responses of 22 Ctns Ϫ/Ϫ mice aged 11 mo or younger. We previously reported a decreased ERG response in one (of four studied) 8-mo-old 129Sv-C57BL/6 Ctns Ϫ/Ϫ mouse (9). It could be argued that back-crossing the Ctns Ϫ/Ϫ mice attenuated the ocular phenotype. However, on histologic sections of the 129Sv-C57BL/6 Ctns Ϫ/Ϫ mice, crystals were detected in the choroid and sclera, but rarely in the cornea, and retinal structure was normal. In contrast, we found abundant crystals in many tissues of the C57BL/6 Ctns Ϫ/Ϫ mice, suggesting that the back-crossing amplified the phenotype. Furthermore, the retina is not spared. In the 19-and 22-mo-old mice, we detected rare crystals by TEM in the inner nuclear layer, consistent with the sudden increase in cystine levels. Furthermore, the photoreceptor segments and nuclei were absent and the RPE degenerated.
Similarly, in patients, retinal crystals are rare and occasionally reported in the RPE (3, 16) , suggesting that they are not a constant disease feature. In contrast, retinal depigmentation is associated early with infantile cystinosis and can precede corneal changes (25) . Notably, vacuolization of RPE cells was the only abnormal finding in an 18-wk cystinotic fetus (26) . Therefore, the lack of early RPE anomalies in the Ctns Ϫ/Ϫ mice is intriguing. Moreover, as is the case with Fanconi syndrome, the retinopathy is not always associated with the juvenile form and is absent in ocular cystinosis (25) . It is tempting to speculate that a common mechanism is rescuing the Ctns Ϫ/Ϫ mice from the Fanconi syndrome and the retinopathy.
Interestingly, the retinopathy in young patients does not cause ocular symptoms (25, 27) . In contrast, posttransplantation patients whose retinas have accumulated cystine for one to three decades can exhibit an age-dependent decreased visual acuity and/or abnormal ERG profiles (4, 27) . These findings are consistent with the late appearance of retinal anomalies in the C57BL/6 Ctns Ϫ/Ϫ mice. Lens. The lens showed the lowest cystine levels consistent with the absence of crystals. Similarly, crystals have not been detected on histologic sections of the lens of cystinosis patients (15, 22 ). There are rare biomicroscopic reports of crystals on the anterior lens surface (4,18,19) . However, these may be crystal-laden macrophages that migrated onto a pupillary membrane, thus appearing as refractile deposits on the lens surface (18) .
Choroid. In addition to containing abundant crystals, the Ctns Ϫ/Ϫ choroid was the only structure to show early lesions that degenerated with age. The choroid of patients is massively infiltrated with crystals (2,16) and, although degeneration has not been clearly described, less pigment in the periphery choroid of a patient was reported (22) . As the choroid is highly vascularized and has an important function in nutrition of the retina, it cannot be ruled out that the retinal anomalies in the Ctns Ϫ/Ϫ mice is a secondary consequence of the choroidal degeneration.
Sclera and optic nerve. The continuity between the sclera and the cornea could explain the concomitant appearance of crystals in these tissues. Furthermore, the sclera of cystinosis patients is the only other tissue containing predominantly needle-shaped crystals (15, 16, 22) . Finally, in sections where the optic nerve was conserved, we detected crystals in the surrounding vascularized tissue (not shown). This is consistent with the crystals reported in the fibrovascular pial septa of the optic nerve, but not in the nerve bundles, of patients (3, 15, 16) .
In summary, the temporospatial pattern of cystine accumulation in the Ctns Ϫ/Ϫ mice closely resembles that of cystinosis patients. This is particularly pertinent in terms of the corneal cystine crystals, which lead to a severe and painful photophobia in patients. Currently, the only treatment is by cysteamine eyedrops, which need to be administered 10 -12 times a day (28) and are a considerable constraint. This temporospatial guide of the ocular anomalies of the C57BL/6 Ctns Ϫ/Ϫ mice provides the foundation for testing novel ocular cystinedepleting therapies.
